Exploring precipitation threshold from an economic loss perspective is critical for rainstorm and flood disaster risk assessment under climate change. Based on the daily gridded precipitation dataset and direct economic losses (DELs) of rainstorm and flood disasters in the mainland of China, this paper first filtered a relatively reasonable disaster-triggering daily precipitation threshold (DDPT) combination according to the relationship between extreme precipitation days and direct economic loss (DEL) rates at province level and then comprehensively analyzed the spatial landscape of DDPT across China. The results show that (1) the daily precipitation determined by the combination of a 10 mm fixed threshold and 99.3th percentile is recognized as the optimal DDPT of rainstorm and flood disasters, and the correlation coefficient between annual extreme precipitation days and DEL rates reached 0.45 (p < 0.01).
Introduction
To effectively predict future flood risk, more and more research has explored the impacts of hydro-climatic extremes on human and economy [1] [2] [3] [4] , especially in combination with asset exposure and vulnerability [5] [6] [7] . In China, many researches have reported that the change trend of total precipitation is not obvious, but the intensity and frequency of extreme precipitation have increased significantly with climate changes [8] [9] [10] [11] . Because of obvious regional differences in precipitation and economy, China is particularly vulnerable to the impact of extreme precipitation [3, 12, 13] . For example, according to statistics from the international disaster database (https://www.emdat.be/), the hydrological disaster losses of China reached $18.9 billion in 2010, which was two-fifths of the global total. Therefore, reasonable assessment of the intensity and frequency of extreme precipitation is critical for improving our ability to predict rainstorm and flood disaster risk in the future.
Extreme precipitation events are defined as events that exceed the threshold of extreme precipitation and have a significant impact on human society [14] . The basis and key to assess the intensity and frequency of extreme precipitation is to determine the disaster-triggering daily precipitation threshold 
Data and Methods

Data Sources
Four main datasets were used to analyze the disaster-triggering precipitation threshold of rainstorm and flood disasters (see Table 1 ). First, an interpolated gridded observational precipitation dataset (CN05.1) from 1961 to 2012 was generated by Wu and Gao [38] based on 2400 observational stations in China. This dataset indicates similar rainfall frequency distributions as that of the station dataset [19] and has been widely used in precipitation change studies over China [39, 40] . This study considers a daily precipitation value greater than or equal to 0.1 mm as an effective precipitation value [41, 42] .
Second, the annual provincial DELs of rainstorm and flood disasters in the mainland of China were obtained from China's Yearbook of Meteorological Disasters [43] . DELs caused by landfall typhoons were also included. These data were used to compute the DEL rate of rainstorm and flood disasters as vulnerability indicators [44] .
Third, the asset value map of China in 2015 is 30 arc-second resolution and offers a quick and accurate assessment of economic exposure [44] [45] [46] . This map was used to evaluate the asset value exposure in rainstorm and flood hazard areas [44, 47] .
Finally, the consumer price index (CPI) and price indices of investment in fixed assets were respectively used to adjust the DELs and asset values to the price level of 2012 [47, 48] . 
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Methods
To more reasonably determine the DDPT in China, this study divided the methodology into four parts (see Figure 2 ). First, we combined the percentile method with a fixed threshold method to build a series of alternative DDPT value of daily extreme precipitation. Then we extracted the rainstorm and flood hazard areas for each DDPT value. Third, we calculated the annual provincial rainstorm and flood extreme precipitation index and annual provincial DEL rate of different DDPT combinations. Finally, we screened DDPT value combinations and selected the most reasonable one by calculating the correlation between the extreme precipitation index and DEL rate. 
Alternative DDPT Value Construction
The percentile method is widely used in determining the extreme precipitation threshold globally [23] , and 90%, 95%, 99% are common percentiles [2, [23] [24] [25] . This study first selected 90.0-99.9% (0.1% intervals) as the selection range of DDPT. After checking the observed daily precipitation data in the extremely dry area of the northwestern China, the DDPT value determined by the percentile method was lower than 5 mm, which is not consistent with the fact that the DDPT in the recorded disaster event for this area should be higher than 5 mm [32] [33] [34] . As such, we further selected 5 mm as the minimum extreme precipitation threshold value and gradually increased (1 mm intervals) it to determine a DDPT value. That is, both the percentile method and the fixed threshold method are used to constitute a threshold combination. Finally, for each threshold combination, an alternative DDPT value can be determined by taking the maximum of both. The optimal DDPT combination Max Figure 2 .
The optimal disaster-triggering daily precipitation threshold (DDPT) value determination framework.
The percentile method is widely used in determining the extreme precipitation threshold globally [23] , and 90%, 95%, 99% are common percentiles [2, [23] [24] [25] . This study first selected 90.0-99.9% (0.1% intervals) as the selection range of DDPT. After checking the observed daily precipitation data in the extremely dry area of the northwestern China, the DDPT value determined by the percentile method was lower than 5 mm, which is not consistent with the fact that the DDPT in the recorded disaster event for this area should be higher than 5 mm [32] [33] [34] . As such, we further selected 5 mm as the minimum extreme precipitation threshold value and gradually increased (1 mm intervals) it to Sustainability 2020, 12, 407 5 of 14 determine a DDPT value. That is, both the percentile method and the fixed threshold method are used to constitute a threshold combination. Finally, for each threshold combination, an alternative DDPT value can be determined by taking the maximum of both.
Rainstorm and Flood Hazard Area Extraction
How to effectively determine the rainstorm and flood hazard areas is the key to calculating the asset value exposure. First, for each day, based on each alternative DDPT value and the CN05.1 dataset, the grids with precipitation values equal to or greater than this DDPT value can be extracted, which is defined as the daily rainstorm and flood hazard area. Second, for each year, the affected extent that may experience damage from rainstorm and flood disasters can be acquired from merging daily rainstorm and flood hazard areas. Moreover, for each grid, the extreme precipitation days, which are defined as the days with daily precipitation that is equal to or greater than the precipitation threshold, can be calculated based on the extracted rainstorm and flood hazard areas.
Optimal DDPT Selection
The optimal DDPT is selected based on the correlativity between the annual extreme precipitation days and annual DEL rates at the province level.
First, considering the incomparability of absolute thresholds between different provinces, this study used the number of annual extreme precipitation days (d) to characterize the magnitude of the disaster-triggering precipitation at the provincial level. Province-level annual extreme precipitation days are defined as the average annual extreme precipitation days within the merged daily rainstorm and flood hazard areas.
Second, the accumulated asset value located in the yearly rainstorm and flood hazard areas is defined as the economic exposure to annual rainstorm and flood disasters, and the province-level DEL rate is calculated by the DELs caused by rainstorm and flood disasters divided by the economic exposure in the same year. To estimate the province-level annual economic exposure, this study generates gridded annual asset value maps in the periods of 2004-2012 by employing an average annual growth rate of the asset value [48] , which is 14%, based on the asset value map of China in 2015 [44] . We aggregated asset value maps (30" × 30") into the same spatial resolution of CN05.1 as rainstorm and flood hazard areas (0.25 • × 0.25 • ). Then, we overlaid the rainstorm and flood hazard areas on the asset value maps to extract the exposed asset values for each year. Considering inflation, we adjusted DELs and asset value to the price level of 2012 using CPI and price indices of investments in fixed assets, respectively [46, 47] .
Third, based on the hazard frequency (i.e., extreme precipitation days) and vulnerability (i.e., DEL rate) of rainstorm and flood disasters by province and by year, the optimal DDPT can be determined when the highest correlation coefficient exist between the extreme precipitation days and DEL rates.
Finally, based on the determined optimal DDPT, the spatial distribution of the DDPT value were described at the regional and provincial levels.
Results
The Correlation between Extreme Precipitation Days and DEL Rates
As shown in Figure 3 , the correlation between extreme precipitation days and DEL rates of rainstorm and flood disasters changed significantly with the change in the combination of percentile and fixed precipitation threshold value at the provincial level in China. Note that rainstorm and flood hazard areas are zero in some years in individual provinces, if the percentile is over 99.5% or the fixed precipitation threshold is equal to or greater than 20 mm, which is not consistent with the actual disaster damage records in the period of 2004-2012. 0.45 (n = 279, p < 0.01) at the 10 mm initial daily precipitation threshold. Therefore, the combination of the 99.3th percentile and 10 mm initial daily precipitation threshold was selected as the most optimal threshold combination for rainstorm and flood disasters. 
Annual Relationship between Extreme Precipitation Days and DEL Rates Determined by Rainstorm and Flood Hazard Area under the Optimal DDPT
To verify the validity of the optimal DDPT in determining the relationship between extreme precipitation days and DEL rates, we further show this relationship for each year. As can be seen in Figure 4 , the spatial distribution of rainstorm and flood hazard areas and of extreme precipitation days vary between years (see Figure 4 ). The extreme precipitation center determined by the optimal DDPT could be in coastal Southeast China (see Figure 4b ,c,e,f), in the inland area of South China region (see Figure 4g ), in the northern part of North China (see Figure 4a ,e,i), and in the center of Southwest China (see Figure 4h ).
Moreover, the relationship between the extreme precipitation days and DEL rates varies between years, but the DEL rates increases with extreme precipitation days at the province level. Among the 9 years from 2004 to 2012, the DEL rates increased significantly (p < 0.01) with the number of average extreme precipitation days for the five years (see Figure 4b ,c,e,g,h), especially when the correlation coefficient of 2006 reached 0.8128 (n = 31, p < 0.01) (Figure 4c ). In the other years, the DEL rates increased non-significantly with the number of extreme precipitation average days (see Figure  4a ,d,f,i). In general, there is a positive correlation between the annual DEL rates and the number of annual extreme precipitation days, although this positive correlation is not significant in some years. When the initial fixed precipitation threshold value is constant, as the percentile value increases, the correlation coefficient between annual extreme precipitation days (D) and DEL rates first decreases and then increases, and the maximum value is 99.3% when the initial absolute daily precipitation threshold changes from 5 mm to 19 mm by a 1-mm interval. When the percentile value is 99.3%, with the increase in the initial daily precipitation threshold value, the correlation coefficient first increases and then decreases sharply, and the maximum correlation coefficient value is about 0.45 (n = 279, p < 0.01) at the 10 mm initial daily precipitation threshold. Therefore, the combination of the 99.3th percentile and 10 mm initial daily precipitation threshold was selected as the most optimal threshold combination for rainstorm and flood disasters.
Moreover, the relationship between the extreme precipitation days and DEL rates varies between years, but the DEL rates increases with extreme precipitation days at the province level. Among the 9 years from 2004 to 2012, the DEL rates increased significantly (p < 0.01) with the number of average extreme precipitation days for the five years (see Figure 4b ,c,e,g,h), especially when the correlation coefficient of 2006 reached 0.8128 (n = 31, p < 0.01) (Figure 4c ). In the other years, the DEL rates increased non-significantly with the number of extreme precipitation average days (see Figure 4a ,d,f,i). In general, there is a positive correlation between the annual DEL rates and the number of annual extreme precipitation days, although this positive correlation is not significant in some years. For each year, extreme precipitation days equal the sum of extreme precipitation days of grids divided by the total number of grids within the merged daily rainstorm and flood hazard areas within a province.
Spatial Distribution of Disaster-Triggering Daily Precipitation Threshold
The spatial distribution of DDPTs across China is shown in Figure 5a . The DDPTs show a decreasing distribution from the southeastern coast to the northwestern inland of China, and the boundary of the adjacent threshold is clear, showing a trend from northeast to southwest. The maximum DDPT value is distributed in the coastal southern China region, at approximately 87 mm, and the northwestern inland region has the minimum DDPT value, which is 10 mm. Note that most For each year, extreme precipitation days equal the sum of extreme precipitation days of grids divided by the total number of grids within the merged daily rainstorm and flood hazard areas within a province.
The spatial distribution of DDPTs across China is shown in Figure 5a . The DDPTs show a decreasing distribution from the southeastern coast to the northwestern inland of China, and the boundary of the adjacent threshold is clear, showing a trend from northeast to southwest. The maximum DDPT value is distributed in the coastal southern China region, at approximately 87 mm, and the northwestern inland region has the minimum DDPT value, which is 10 mm. Note that most threshold values of northwestern inland China are less than 20 mm, that is, the fixed precipitation threshold has an influence on the northwestern inland region, and the percentile method works elsewhere.
light rain or moderate rain, according to the precipitation intensity classification in China [16] , and approximately one-quarter of the country meets the threshold for large rain. Only 8.3% of the country's DDPT exceeds 50 mm, reaching the level of heavy rain. Moreover, the Heihe-Tengchong line, which roughly coincides with the 400 mm annual precipitation contour and is also regarded as the dividing line between economically developed areas (east of the line) and underdeveloped areas (west of the line) in the mainland of China [49, 50] , is approximately located near the contour line of the 25-mm DDPT.
At the geographical regional level, Figure 5b shows the DDPT frequency distribution of 7 geographical divisions, and each region has a unique statistical characteristic of its threshold distribution. The average DDPTs of South China, East China, Central China, Northeast China, Southwest China, North China, and Northwest China are 57 mm, 48 mm, 45 mm, 24 mm, 21 mm, 18 mm, and 12 mm, respectively, and the value in South China is 4.75 times that of the value in Northwest China. In addition, in terms of the coefficient of variation (CV) and regional uniformity, the mean DDPT distribution of South China, East China, and Central China is relatively uniform, while that in Northwest and Southwest China is relatively discrete. From the perspective of the spatial DDPT contour (see Figure 5a , Table 2 ), approximately 66% of the DDPTs in the mainland of China are less than 25 mm; that is, the DDPTs in these areas are only light rain or moderate rain, according to the precipitation intensity classification in China [16] , and approximately one-quarter of the country meets the threshold for large rain. Only 8.3% of the country's DDPT exceeds 50 mm, reaching the level of heavy rain. Moreover, the Heihe-Tengchong line, which roughly coincides with the 400 mm annual precipitation contour and is also regarded as the dividing line between economically developed areas (east of the line) and underdeveloped areas (west of the line) in the mainland of China [49, 50] , is approximately located near the contour line of the 25-mm DDPT.
At the geographical regional level, Figure 5b shows the DDPT frequency distribution of 7 geographical divisions, and each region has a unique statistical characteristic of its threshold distribution. The average DDPTs of South China, East China, Central China, Northeast China, Southwest China, North China, and Northwest China are 57 mm, 48 mm, 45 mm, 24 mm, 21 mm, 18 mm, and 12 mm, respectively, and the value in South China is 4.75 times that of the value in Northwest China. In addition, in terms of the coefficient of variation (CV) and regional uniformity, the mean DDPT distribution of South China, East China, and Central China is relatively uniform, while that in Northwest and Southwest China is relatively discrete. Table 2 . The precipitation intensity classification in China [16] and the corresponding area distribution percentage of different levels of DDPTs.
Grade of Daily Precipitation Daily Precipitation (mm) Area Distribution Percentage of Daily Precipitation Threshold in China
Light rain <10.0 mm 0 Moderate rain 10.0~24.9 mm 66.0% Large rain 25.0~49.9 mm 25.7% Heavy rain 50.0~99.9 mm 8.3% Very heavy rain 100.0~249.9 mm 0
At the province level (Table 3) , the statistical value of the DDPT of most provinces across China is between 25 mm and 50 mm, and the regions with a relatively large dispersion of DDPT values are mainly consistent with the provinces with low DDPTs. There are 7 provinces with mean DDPTs lower than 25 mm: Xinjiang, Qinghai, Tibet, Gansu, Inner Mongolia, Ningxia, and Heilongjiang. Xinjiang, Qinghai, Tibet and Gansu, and Inner Mongolia have the lowest DDPTs (approximately 10 mm). Guangxi, Jiangxi, Fujian, Guangdong, and Hainan have mean DDPTs values higher than 50 mm, among which Hainan has the highest mean DDPT value (about 71 mm) and Guangdong has the maximum DDPT value (about 87 mm). The remaining provinces have mean DDPT values between 25 mm and 50 mm. Additionally, most provinces have CV values below 20%, except for Gansu, Sichuan, Inner Mongolia, Ningxia, Shaanxi, and Hebei. Xinjiang  10  10  15  10  10  4  Qinghai  10  10  18  10  11  15  Tibet  10  10  23  10  11  18  Gansu  10  10  35  10  15  40  Inner  Mongolia  15  10  28  10  16  28   Ningxia  15  11  26  13  16  26  Heilongjiang  22  16  25  23  21  10 25 mm ≤ DDPT ≤ 50  mm   Shanxi  26  19  32  28  26  11  Jilin  25  20  40  25  26  15  Sichuan  26  10  62  16  29  48  Shaanxi  28  17  53  27  29  25  Hebei  32  17  44  32  30  24  Yunnan  31  16  44  30  32  14  Beijing  34  24  41  33  35  13  Liaoning  35  22  51  32  35  18  Tianjin  37  34  40  37  37  5  Henan  40  29  54  37  40  16  Guizhou  41  26  51  44  40  13  Shandong  40  33  49  37  40  9  Chongqing  42  35  52  41  42  8  Shanghai  45  41  46  45  44  4  Hubei  47  31  59  56  46  17  Jiangsu  46  40  50  46  46  5  Hunan  48  40  57  48  47  6  Zhejiang  46  41  62  44  48  11  Anhui  46  41  65  46  49  13   DDPT > 50 mm   Guangxi  52  35  76  52  52  12  Jiangxi  54  43  65  55  53  9  Fujian  54  48  70  54  54  6  Guangdong  61  47  87  53  61  16  Hainan  71  65  81  67  71  6 4. Discussion
Importance of Exploring Optimal DDPT from An Economic Loss Perspective
Based on the perspective of whether precipitation has adverse consequences to the economy and society, we comprehensively determined the optimal DDPT value according to the correlation between extreme precipitation frequency and corresponding rainstorm and flood disaster DEL rate at province scale. First, different from traditional extreme precipitation determination methods [17, 18, 20, 21] , which mainly consider the extreme nature of precipitation itself, the method presented in this study determines DDPTs based on the link between extreme precipitation and adverse disaster impacts. The optimal DDPTs could provide a practical reference to recognize the impact and define the warning criteria of extreme precipitation events from the disaster risk perspective. For example, according to a continuous disaster-triggering rainstorm in Sichuan Province in June 2013 recorded by Wang et al. [51] , the daily precipitation value of 26.9 mm can also cause disaster losses, and this value is close to the median precipitation value (26.0 mm) of the DDPT in Sichuan Province determined by this paper.
Advantages of Combining Percentile Method and Fixed Threshold Method to Determine DDPT
Previous studies had used the percentile method and fixed threshold method for rainstorm and flood disaster risk assessment [16, 19, [23] [24] [25] , while both methods have its advantages and disadvantages. The fixed threshold method is suitable for local scale extreme precipitation analysis. While the percentile method could consider regional differentiation of precipitation background values, and can be used in global scale extreme precipitation analysis, while considering precipitation-induced disaster, the extreme precipitation value determined by this method could be noneffective in the extreme arid region as demonstrated above in Xinjiang province. As such, we determine DDPT value using a combination of the percentile method and fixed threshold value, which could determine the optimal DDPT in large scale and also avoid occurrence of noneffective DDPT value.
The Spatial Heterogeneity and Regional Complexity of DDPT
The DDPT has strong spatial heterogeneity and regional complexity ( Figure 5 and Table 3 ). Concretely, the average DDPT value of 57 mm in South China may lead to rainstorm and flood disasters, while the value of 10 mm in Northwest China may also lead to rainstorm and flood disasters; these values are closely related to climatic conditions, precipitation types, topography and geomorphology, and social and economic activities. Additionally, the CV of the DDPT could indicate the degree of dispersion in different regions, which indirectly indicates the complexity of the DDPT within a region [30, 52] . As shown in Figure 5 and Table 3 , 6 provinces that cross multiple threshold isolines and are near the Heihe-Tengchong line (Gansu, Sichuan, Inner Mongolia, Ningxia, Shaanxi, and Hebei) have CV values greater than 20%. However, provinces distributed in the eastern coastal and northwestern inland regions (e.g., Shanghai, Tianjin, Jiangsu, Hainan, Fujian and Shandong, and Xinjiang) have relatively low CV values, indicating that the spatial distribution of the DDPT is relatively homogeneous in these provinces.
Therefore, combined with the precipitation classification standard formulated by the national meteorological department, this study helps with the implementation of disaster warning and risk analysis by exploring the relationship between disaster consequences and extreme precipitation intensity and provides a basis for disaster possibility forecasting from regional or provincial scales.
Limitations
Some limitations exist in the determined DDPT values across the mainland of China. First, although this study is based on the high-resolution daily gridded observational dataset (CN05.1) generated from more than 2400 meteorological stations by the China Meteorological Administration to determine the DDPT, the analysis of precipitation on an hourly scale may be more closely related to the actual disaster than the daily precipitation data that were used here. The short-term heavy precipitation of 16.0 mm can also cause disaster losses, according to previous records about the major heavy precipitation process in Beijing from June to August 2011 [53] . Second, compared with the gridded precipitation and asset value datasets, the provincial DELs caused by rainstorm and flood disasters in this paper are relatively coarse. Acquiring rainstorm and flood disaster event-level DELs will be helpful for further improving the reliability of the determination of DDPT based on this research's idea. Third, based on the regional disaster system theory [1, 30] , the occurrence of rainstorm and flood disasters is related not only to precipitation intensity and exposed assets but also to the topography and protective measures [43] . The optimal DDPT values just represent an average state of regional or provincial disaster-triggering precipitation threshold, which may be not coincide with the actual local DDPT but it is the DDPT value most likely to cause disaster at the provincial level. As a result, the DDPT results estimated here may be misleading to rainstorm and flood disaster warning at the micro scale, necessary verification by disaster event investigation in the future is critical to improve its reliability.
Conclusions
Determining the extreme precipitation threshold is the basis of exploring extreme precipitation events, but determining the DDPT is a challenging issue. Based on the daily gridded precipitation dataset (1961-2012) and annual province-level DELs of rainstorm and flood disasters (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) in the mainland of China, this study found that the optimal rainstorm and flood DDPT is the combination of the 10 mm fixed threshold and the 99.3th percentile of daily precipitation. It has the highest correlation coefficient between annual extreme precipitation days determined by the optimal DDPT and rainstorm and flood disaster DEL rate at the province level, which is about 0.45 (p < 0.01). Meanwhile, the rainstorm and flood disaster DEL rates increased with the number of annual extreme precipitation days.
In addition, the spatial distribution of the DDPT values decreases from the southeastern coast to the northwestern inland area across China, and adjacent threshold isolines generally show a trend from northeast to southwest. The optimal rainstorm and flood DDPT values at the regional and provincial levels have strong spatial heterogeneity. At the regional level, the DDPT values of most areas of Northwest China, North China, Southwest China, and Northeast China were less than 25 mm, while the DDPT value in South China was more than 50 mm. At the province level, there were 7 provinces with DDPTs lower than 25 mm, while the DDPTs of 5 provinces were higher than 50 mm on average. Although the DDPT values of some areas were lower than 50 mm that is recognized as the warning threshold of precipitation in China, they had a strong chance of causing disasters. Hence, the regional rainstorm and flood disasters early warning system should be combined with the actual precipitation conditions of a region based on the national precipitation classification standards.
Overall, unlike the traditional perspective, this study offers a new way of thinking regarding extreme precipitation thresholds, which are called DDPTs in this study. Although there are some uncertainties about the DDPTs obtained, it provides a basis for further improving regionally differentiated disaster-triggering daily precipitation thresholds from the rainstorm and flood disaster perspective.
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